Introduction
One of the most common signals of volcanic unrest is ground deformation.
Various source mechanisms have been proposed to explain observed volcano deformation including magma intrusion, slip along faults, or pore pressure variations in transient hydrothermal systems (Dzurisin and Johnston, 2003; Poland et al., 2006a; Masterlark, 2007) . Some sources may be cause for concern, e.g. pressure changes in shallow magma reservoirs or intrusive events, while others may not. Herein lays a fundamental problem for volcano geodesy since it is difficult to directly identify causative processes at depth. As a consequence deformation sources need to be inferred by the analysis of observables. Models provide one link between measured ground deformation and the inaccessible deformation source. Substantial effort has therefore gone into the development of inverse and forward prediction schemes that strive to characterize source properties from recorded ground deformation data and vice versa.
One resource to inform on causative processes of volcano deformation is the finite element method (FEM). In their pioneering work, Dieterich and Decker (1975) investigated resultant ground deformation at the surface induced by pressure sources embedded in a homogeneous, isotropic, Poisson-solid half-space. Subsequent FEMbased studies investigated, for example, sensitivities to the geometry of the expanding source (Yang et al., 1988) and time-dependent effects (Newman et al., 2001 (Newman et al., , 2006 in a homogeneous, isotropic, Poisson-solid half-space. Others used FEMs to explore stress distribution and ground deformation accounting for heterogeneous caldera configurations, structural discontinuities or topography (De Natale and Pingue, 1993, 1996; De Natale et al., 1997; Williams and Wadge, 1998; Orsi et al., 1999; Trasatti et A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT al., 2003 , 2005 Troise et al., 2003; Bonaccorso et al., 2005; Folch and Gottsmann, 2006; Poland et al., 2006b ).
Expanding on existing work (e.g. Bianchi et al., 1987) , we present results from numerical considerations of volcano deformation within the mathematical concept of heterogeneous elastic media.
In the first part of this paper, we present a set of new results from numerical forward modelling. We simulate the theoretically resultant vertical and horizontal deformation in a volcanic area as the response of an elastic medium to pressure changes in a reservoir surrounded by host rock with variable mechanical properties. Although the evaluation of purely elastic behaviour to predict brittle rock strain is perhaps not as robust as a full description of all mechanical behaviour, it is a good enough approximation for the purpose of this study. We show that medium heterogeneities such as layering of mechanically stiff and soft rocks may induce significant variations in the stress field that contribute to modify the ground deformation pattern at the free surface.
The focus here is on a flat-topped collapse caldera system, where we find that varying mechanical properties of caldera-fill successions results in a significant distortion of the predicted deformation pattern if compared with model results based on the assumption of mechanical homogeneity. Application of the model in the second part of the paper informs on the causative source of ground inflation between 1971 and 1984 at Rabaul caldera (Papua New Guinea).
Procedure

Background
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In the present work, we assume that during ground deformation due to reservoir expansion, the surrounding crust behaves as an homogeneous linear elastic material. For the purpose of this paper it is irrelevant whether the reservoir be of magmatic (molten rock, crystals and volatiles) or hydrothermal (aqueous fluid phase and gas) nature or a hybrid of both. We are concerned here with the resultant ground deformation patterns rather than the nature of the causative processes leading to ground deformation, be it:
injection of new magma, a critical stage of magma differentiation, or some other perturbation.
For each model the theoretical displacement and stress field has have been obtained using FEMFES, a code that solves elasticity by means of a Finite Element
Method with nodal implementation (Codina and Folch, 2004) .
Geometrical setting and boundary conditions
The models involve an axially-symmetric computational domain, which corresponds to an idealized cross-section of the upper crust of 50 km length and 25 km depth below a flat surface (Fig. 1a) . The reservoir is modelled as an ellipsoidal cavity of length a (width 2a) and b (height 2b). In all generic models we set a=2.5 km and b=0.75 km (Fig. 1a) . The upper planar surface of each scenario corresponds to the Earth's surface and is treated as a free surface (i.e. traction free). The inflating reservoir is represented by a uniformly distributed overpressure ∆P of 15MPa around the magma chamber walls (Fig.1a) . Displacements are prescribed to zero on the computational margins, placed at vertical and radial distances several times greater than the dimensions of the reservoir, i.e. where the variations of the stress field due to the reservoir can be neglected. More precisely, our results are mainly focused on the central
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and shallowest part of the computational domain (Fig.1a) . The computational area is large enough (50 × 25 km) in order to avoid possible wall effects.
FIGURE 1
Variations considered in the different runs
Mechanical heterogeneity is simulated by different layers with either high (stiff material) or low (soft materials) Young's moduli (E) ( Table 1) . We define for depths between 1000 and 4500 m, up to seven different layers of 500 m thickness each ( We note here that the range of selected Young's moduli in the models is quite modest (from 18 to 72 GPa) compared to published data, which indicate values from below 1 GPa to more than 100 GPa (e.g. Gudmundsson and Brenner, 2004; Gudmundsson, 2006) in volcanic successions, representing a variability over more than 2 order of magnitude in the most extreme cases. It is hence important to point out, that the aim of the generic model is to demonstrate that even for modest variations in E,
ground deformation patterns are significantly different compared to results from models solving for mechanical homogeneity. Effects are amplified with increased contrasts in the mechanical stiffness of encasing rocks. Equally, in the opposite sense, the smaller the contrast in stiffness, the more similar the results to those from models assuming mechanical homogeneity.
The first set of numerical runs (Fig. 2a , Table 2 ) are performed accounting for either one stiff or one soft layer with variable layer thickness (T). In the subsequent runs we simulate two different layers, one soft and one stiff, with thicknesses T SL and T HL , respectively. We explore the effect on ground deformation when varying the ratio between the thicknesses of both layers (RLT) (Fig. 2b , Table 2 ) and the distance between both layers (DL) (Fig. 2c , Table 2 ). Additionally, we are interested in exploring the influence of the distribution pattern (LDP) between stiff or soft layers on the ground displacement (Fig. 2d , Table 2 ). A C C E P T E D M A N U S C R I P T Fig. 3c and 3g ), whereas the same parcel of stiff layers would decrease u xx max ( Fig. 3d and 3h), compared to homogeneous results.
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FIGURE 3
Alternating lithologies
In the presence of both soft and stiff layers, results obtained are considerably Similar to the distribution of u yy at surface, soft layers located at shallower levels and several times thicker than stiff layers, considerably increase the amplitude of the horizontal deformation. In contrast, shallow stiff layers with an overall thickness exceeding that of deeper soft layers tend to reduce the horizontal deformation at the
surface. Comparing results from models MS-4S, MS-4H, MS-4:3H and model MS-4:3S
shows that stiff layers located below soft layers tend to reduce u xx max, while soft layers
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located below thick stiff layer tend to increase the horizontal displacement at surface.
For the case of soft layers overlying stiff layers, the effect of host rock layering is practically cancelled out as soon as the ratio T SL over T HL is between 4:3 (MS-4:3S) and 5:2 (MS-5:2S). By contrast, if stiff material overlies soft material results indicate that the relationship T HL to T SL should be around 5:2 (MS-5:2H) for the respective effects to cancel out.
Concerning the influence of distance between soft and stiff layers, DL, on the deformation pattern, if soft layers overlie stiff layers, the amplitudes of both u yy and u xx are independent of DL ( Fig. 5a and 5c ). By contrast, if stiff layers overlie soft layers, increasing the distance between both layers tends to increase u yy max and u xx max compared to the homogeneous model ( Fig. 5b and 5d ). Again here, we can see that the closer the soft layer to the reservoir, the higher its amplification effect on ground deformation.
FIGURE 5
Independent of their vertical distribution at depth, yet, proportional to their cumulative thickness, stacking of soft layers increases the amplitude of both u yy and u xx compared to the homogeneous result ( Fig. 6a and 6b) . Accordingly, regardless of their distribution, stiff layers tend to decrease the amplitude of both vertical and horizontal displacements proportionally to their cumulative thickness.
FIGURE 6
3.3 The ratio u xx max / u yy max
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In agreement with earlier studies (e.g., Dieterich and Decker, 1975) , we find that horizontal displacements are far more revealing concerning source properties than are vertical displacements only. We therefore discuss our results by expressing our findings as the dimensionless ratio of u xx max over u yy max. In doing so, results become directly comparable to other (theoretical) studies, which may have employed different values of elastic properties. The ratio of u xx max / u yy max has been used as a sensitivity criterion using homogenous elastic models as to reservoir geometry and depth, whereby values of (Fig. 7a) .
Consequently, we infer that soft layers generally modify the amplitude of u yy more profoundly than of u xx . By contrast, the thicker the stiff layer (increase of T HL ) the higher u xx max / u yy max, but the slope of this dependency is fairly gentle, i.e. stiff layers equally modify the amplitudes of both u xx and of u yy . However, the values are always close to the homogeneous case ratio. In fact, there is no significant (realistically resolvable) difference compared to the homogeneous result, unless a good 50% or so of the media overlying the reservoir is composed of stiff rock with an about 66% higher Young's modulus compared to background values.
FIGURE 7
Varying the proportion between soft and stiff layers, it is evident that with increasing thickness of the shallow soft layer the ratios u xx max / u yy max tend to decrease, while they increase with increasing thickness of the shallow stiff layer (Fig.   7b ). Comparing the results obtained for model MS-5H (Fig. 7a) with those of run MS-5:2H (Fig. 7b) , we see that the presence of a 1000 m thick soft layer underlying a 2500 m thick stiff layer tends to considerably reduce u xx max / u yy max . By contrast, the results obtained for run MS-5S (Fig. 7a ) and run MS-5:2S (Fig. 7b) , show that 1000 m worth of stiff material below 2500 m of soft material only slightly increases u xx max / u yy max .
In summary, based on our axial symmetric analysis, we find that heterogeneities in the mechanical properties of the host rock alter the ratio u xx max / u yy max, by either increasing or decreasing its value, compared to the ratio obtained for a homogenous medium. However, soft layers have a significantly larger effect on altering the ratio compared to stiff layers. The key point here is that assuming that a certain value of u xx max / u yy max is indicative for a specific reservoir (pressure source) geometry or size/depth relationship may be to bold a statement and can lead to erroneous interpretations of source parameters. Deviation from a specific ratio may not necessarily indicate an "incorrect" reservoir geometry. As shown by our results, misfits to observables and deviations from accepted ratios may in fact be controlled by mechanical heterogeneity.
Model application to Rabaul caldera (Papua New Guinea)
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In the following, we apply our model to inform on the causative process of ground deformation at Rabaul caldera between November 1971 and May 1984.
Rabaul caldera (Papua New Guinea) is a flat-topped collapse caldera system, where mechanical properties of caldera-fill successions are pronouncedly different to surrounding rocks and therefore one might expect significant distortion of resulting ground deformation patterns due to pressure changes in a subsurface reservoir given the results of our generic analysis above.
Geological setting and ground deformation data
Rabaul caldera itself is the most recently active of four adjoining calderas/volcanic centres along a roughly N-S-trending alignment through the eastern Gazelle Peninsula (Fig. 8a) . The caldera has an elliptic (4 × 10 km) shape and was formed by two vertical collapse episodes (about 3.5 and 1.4 ka) accompanying eruption of dacitic ignimbrites, which might have largely filled the collapse depression (Heming and Carmichael, 1973; Heming, 1974 , 1977 , Nairn et al., 1995 (Fig. 8b ). Volcanism at Rabaul caldera has been dominated by two main eruption types: (1) basaltic and andesitic composite cone-building eruptions producing local lava and scoria-fall deposits from vents mostly located on the North-eastern side of the caldera; and (2) dacitic and (rarely) rhyolitic explosive eruptions from vents within or south of the present caldera, producing wide spread ignimbrite and plinian fall deposits, with proximal pyroclastic surges (Wood et al., 1995) . The largest of these eruptions were accompanied by caldera collapse. Starting with anomalous seismicity in 1971 the caldera underwent uplift, which peaked in 1984 as part of a dramatic increase in seismic
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activity and tumescence (McKee et al. 1984 ). An eruption did however not occur until 1994.
FIGURE 8
For the purpose of this paper we analyse ground deformation data obtained by annual levelling surveys between November 1971 and May 1984 as reported in Figure   8c of McKee et al. (1984) .
The Rabaul numerical model: Geometry, dimensions, mechanical properties and boundary conditions
We create an axi-symmetrical FEM of Rabaul caldera and surroundings consisting of an idealized cross-section of the upper crust. The model domain is 25 km in length and extending a depth of 25 km below a flat surface (Fig. 9 ) to circumvent wall effects during computation. In reproducing reservoir location, geometry and subsurface lithology, we employ results from a recent seismic tomographic study (Finlayson et al. 2003) . (1)
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The equation is calibrated for V p values between 1.5 and 8.5 km/s and thus appropriate for constraining the shallow subsurface density structure at Rabaul.
In a next step, Young's moduli are obtained for the individual layers via:
where M is the P-wave modulus defined also as:
where v is the Poisson ratio which we set to a constant value of 0.25 for our model. The and is treated as a free surface (i.e. traction free). The inflating reservoir is represented by a uniformly distributed overpressure of 30MPa along the reservoir walls (Fig. 9) . We derive the geometry of the source from anomalous V p data reported in Finlayson et al. (2003) , which indicate a 2 km thick low velocity zone at 3 km depth. Displacements are prescribed to zero on the computational margins, placed at vertical and radial distances times greater than the dimensions of the reservoir, i.e. where the variations of the stress field due to reservoir pressurization can be neglected as, in fact, we focus our analysis on the central and shallowest part of the computational domain.
FIGURE 9
The mechanically variable subsurface lithologies are modelled considering materials of high (stiff material) or low (soft materials) Young's modulus (E) as shown in Figure 9 .
For the purpose of direct comparison, we have also run a matching model in terms of reservoir shape, depth and excess pressure, but considering an isotropic homogeneous media of E=35GPa , ρ = 2300 kg/m 3 and ν = 0.25 . Note, that these values are approximately mean values of the above calculated mechanical properties. We refer to these two models as 1SHT (one source heterogeneous) and 1SHO (one source homogeneous), respectively in the following.
Results from model simulations
It is evident from the results obtained, that the model accounting for the "realistic?" shallow subsurface lithologies (heterogeneous) performs much better than the model accounting for an isotropic homogeneous medium (Fig. 10) . A chi-square
gives a value of 0.12 for 1SHT and a value of 0.42 for 1SHO. Despite the simplistic approach in our model we achieve an acceptable fit to the reported data given a reasonable value for reservoir pressurization (within upper limit of tensile strength of surrounding rocks).
To fit the amplitude of the ground deformation using a mechanically isotropic homogeneous media of E=35GPa , ρ = 2300 kg/m
FIGURE 10
The fit from model 1SHT matches the wavelength of the signal but produces a pronounced misfit in the area of maximum deformation (Fig. 10) . To investigate this mismatch further we first ran a slightly modified model (1ScHT), which simulates the oblate source as before yet also includes a 300m thick compliant layer with a Young's modulus of 0.1 GPa located at the free surface to represent soft caldera fill material (Fig. 11) . As shown in the previous section the presence of very soft layer at the surface could amplify considerably the resulting deformation. However, as model results depicted in Figure 10a demonstrate, we find that this amplification effect is minor and does not account for the observed near-range uplift data. In fact the quality of fit to the observables is only marginally improved (with χ 2 = 0.11) compared to the previous model ( Fig. 10b) 
FIGURE 11
We then investigated the effect of a second shallower source located above the main inflating reservoir (Fig. 11) . Earlier works demonstrated that reservoir multiplicity can play an important role for local amplification of surface deformation in caldera settings with juxtaposition or superposition of individual reservoirs (Gottsmann et al, 2006 a,b; Geyer and Gottsmann, 2008) . To test whether one obtains a better fit to both the near-field and far-field observations we ran several models modifying the size and depth of the second reservoir. We settled with a solution for a second source of length a = 1 km (width 2a = 2 km) and b = 50 m (height 2b = 100 m), with its upper surface
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
located at a depth of 1000 m and an uniformly distributed overpressure of 8MPa along the reservoir walls (Fig. 11) . This model (2SHT) provides the best-fit with χ 2 = 0.7 to the observations (Fig. 10b) .
Discussion of Rabaul case study
Our best-fit model includes the superposition of two pressurised central sources with a cumulative pressure increment of 38 MPa. One may envisage a scenario of two hydrothermal sources or a hydrothermal source above a magmatic source.
An alternative model to explain the Rabaul uplift was presented in Saunders (2001, 2005) who proposed pressurisation along ring faults rather than pressurisation of a central reservoir due to the requirement of unreasonably high overpressures for the latter. We note here that it is on the grounds of oversimplifications in homogenous halfspace models that leads one to reject a central reservoir as a causative source. Our first order evaluation provides a viable alternative explanation to the observed ground uplift.
We do not wish enter a discussion as to which scenario more likely caused the uplift over the investigated period (stress coupling in central reservoirs or intrusion into circumferential faults) other than to show that pressurisation of central reservoirs in a mechanically heterogeneous crust can equally well explain the reported ground deformation at Rabaul. We also note that the available ground deformation data from 
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Anelastic effects in mid-crustal reservoirs may play a role during caldera deformation, e.g., at Long Valley caldera (Newman 2006 , 2009 ) or Campi Flegrei (Bianchi et al. 1987 . Time-dependent mechanical behaviour predominantly results in a net decrease of required overpressure to fit observed deformation data. We show here that mechanical heterogeneity is a first-order variable influencing volcano deformation and it is expected that the combination of effects of both time-dependence and mechanical heterogeneity will have significant bearing on deduced overpressures.
Particularly for the case shallow reservoirs as investigated here, however, timedependent rheology may be of lesser importance than is perhaps anticipated as efficient cooling from hydrothermal/meteoric fluid circulation can significantly increase heat loss at depth (Nakada et al., 2005) . Undoubtedly, this problem deserves further attention.
Summary and conclusions
The forward numerical models presented here enable the axi-symmetric simulation of the effect of host rock mechanical properties on ground deformation produced by pressurizing a subsurface source. Of course our models are equally applicable for the case of ground deflation and hence reservoir depressurization. Our models are particularly suitable to study ground deformation at calderas, where rock successions filling the collapse depression are likely to have different mechanical properties than surrounding host rock. In this sense, for the sake of the modelling, it is irrelevant whether the source is a priori seen as being of magmatic or hydrothermal nature. Clearly, ground deformation data alone is not indicative of the nature of the source(s) and thus other geodetic techniques such as gravity measurements need to
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endorse ground deformation measurements to help inferring its (their) nature (Gottsmann and Battaglia, 2008; Battaglia et al., 2008) .
The models presented here serve to demonstrate that the mechanical properties of the surrounding host rock and reservoir geometries measurably affect the resulting pattern of surface displacements and stress distributions around pressurized sources.
The main point to highlight is the strong influence of soft and stiff layers and their mutual distribution on the amplitude of surface deformation (both vertical and horizontal displacements). The effect becomes more pronounced with increased contrasts in the mechanical stiffness of encasing rocks.
Our study clearly identifies the need to better quantify mechanical properties of subsurface lithologies in volcanic areas. The applicability of numerical models to shed light on subsurface dynamics during volcano deformation appears currently most confined by our limited knowledge of realistic mechanical properties, the distribution and the possible time-dependent rheology of crustal rocks. Fig.2 ; thus, 1,2,3 indicates that all three layer properties (listed in Fig. 2 , bottom) are used. M A N U S C R I P T 
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